Abstract This work describes a model for bilayer cationexchange membranes used in the chlor-alkali process. The ion transport inside the membrane is modeled with the Nernst-Planck equation. A logistic function is used at the boundary between the two layers of the bilayer membrane to describe the change in the properties of each membrane layer. The local convective velocity is calculated inside the membrane using the Schlögl equation and the equation of continuity. The model calculates the ion concentration profiles inside the membrane layers. Modeling results of mono-and bilayer membranes are compared. The changes in membrane voltage drop and sodium selectivity are predicted. The concentration profile of sodium ions in the bilayer membrane is significantly different from the monolayer membrane. Without the applied current, a linear change in the sodium concentration is observed in the monolayer membrane and in each layer of the bilayer membrane. With an increase in current density, the stronger electromotive force in the carboxylate layer causes a decrease in the sodium concentration in the sulfonate layer, down to the fixed ionic group concentration. This significant decrease of sodium ion concentration in the sulfonate layer results in low concentrations of counter ions and as a consequence a higher permselectivity of the bilayer membrane is obtained when compared to the single-layer membrane. As a drawback, the resistance in the bilayer membrane increases. 
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Introduction
Bilayer cation-exchange membranes are used in the chloralkali process in which sodium chloride and sodium hydroxide are used as the anolyte and catholyte solutions, respectively. Perfluorinated membranes have been modified to increase the permselectivity of the membrane and the overall current efficiency of the process. The replacement of monolayer by bilayer membranes in the chloralkali process increased the current efficiency from 85 to 97 % [1] . Bilayer cation-exchange membranes are made by modifying the catholyte side of the membrane or adding an extra layer to that side. In the chlor-alkali technology, the extra layer on the cathode side is either a sulfonate layer with a different equivalent weight or a carboxylate layer. The carboxylate layer typically has a lower conductivity compared to the sulfonate layer, and it has a lower water content. The bilayer membrane is made either by laminating or co-extrusion [1] .
In spite of a number of literature studies on the structure of cation-exchange membranes [2] [3] [4] [5] [6] [7] , there have been few studies looking into the structure and performance of bilayer membranes individually [8] [9] [10] . Also, virtually, no data exist in the literature that compares the performance of mono-and bilayer cation-selective membranes especially at high current densities. There are various methods to model ion transport in ion-exchange membranes, and these have been reviewed and modeled by several authors [11] [12] [13] . In our earlier paper [14] , we developed a NernstPlanck model of multicomponent ion transport through a cation-exchange membrane for a monolayer membrane. The model was validated with experiments using same electrolyte solutions with identical anolyte and catholyte concentrations. In this paper, the ion transport in the monoand bilayer membranes is compared using the NernstPlanck equation. The bilayer membrane is assumed to be with the sulfonic/carboxylic polymers.
The concentration profiles of the charged species and water in the boundary layer and inside the mono-and bilayer membranes are calculated by solving the NernstPlanck equation. The concentration profiles of the ions and water are compared. The potential drop over the membrane and the membrane permselectivity is determined for current densities up to 20 kA m -2 .
Model approach and assumptions
To model the ion transport inside the membrane, a one dimensional Nernst-Planck equation is used for both monoand bilayer membranes. The molar flux density in each layer of the membrane is defined with Eq. (1). The current density is an important parameter when investigating high current density operation. It is directly related to the flux of charged species as presented in Eq. (2) . The convective velocity is described using the Schlögl equation (Eq. 3). The electroneutrality and mass continuity should hold which are presented by Eqs. (4) and (5) . The local electrolyte composition inside the membrane changes, which results in a change of density locally in the membrane. The mixture density (Eq. 6) is used to calculate the local density of the electrolyte in the membrane [1] . The local electrolyte concentration in the membrane is calculated based on the estimation method used by Bouzek et al. [15] . The local voltage drop is calculated from Eq. (7), which is derived from Eq. (2). Equation (8) describes the material balance to solve the system of Eqs.
(1) to (7).
ÀrðqvÞ ¼ 0 ð5Þ
A logistic function is implemented for describing the change in properties of the membrane from the anolyte side layer to the catholyte side layer. The logistic function was chosen to have a gradual change and avoid numerical instabilities and to avoid a discontinuity when solving the partial differential equations with MATLAB. The general logistic function is shown in Eq. (9) in which A and B are the lower and upper asymptote values respectively, k defines the slope of the curve, and x 0 is the midpoint of the curve.
The fixed ionic group concentration is the property that changes most significantly between the two layers of the membrane. The concentration of fixed ionic groups is defined with Eq. (10) . In this equation, the electrolyte uptake and the equivalent weight of each layer in the membrane are different. The electrolyte uptake is assumed to be equal to the water uptake of each layer and is calculated based on Eqs. (11) and (12) for the sulfonated and carboxylated layers, respectively [1] . The fixed ionic group concentration is defined with the logistic function as presented in Eq. (13) in which x 0 is zero and the slope of the curve is chosen 120. The slope of the curve defined the thickness of the transition state in the logistic function. It is 11 % of the total grid length which is calculated based on 5 and 95 % of the lower and upper asymptote values, respectively. The schematic of the logistic function for the fixed ionic group concentration inside the membrane is shown in Fig. 1 .
The boundary conditions at the membrane-solution interface are summarized in Eqs. (14) and (15) [14] : 
Constant pressure and temperature are assumed. Electrolyte solutions are assumed to be ideal. The electrolytes are sodium chloride as anolyte and sodium hydroxide as catholyte. A very high mass transfer at the membrane is assumed to avoid steep concentration gradients in the boundary layers. The spinning disc technology which works based on high-shear forces induced with highvelocity gradient or high-gravity situations has proven [16] [17] [18] [19] to have high mass transfer rate from the gas phase to the liquid film and from the liquid film to the solid phase. For this, the thickness of the diffusion layer is calculated based on the assumption of having a high mass transfer rate in the spinning disc reactor [20, 21] . Indeed, for flow cell, the mass transfer at the membrane will be much lower, and applying very high current densities (*20 kA m -2 ) cannot be achieved without reaching the limiting current density. For a proper bilayer model, reliable data for diffusivities of each membrane layer are required. However, in the literature, there are not enough data on diffusivities of all sodium, hydroxide, and chloride ions in the sulfonate and carboxylate layers [9, 10, 22] . The sodium self-diffusion coefficient in both sulfonate and carboxylate membranes has been reported in a sodium chloride and sodium hydroxide solution by Ames [22] . He reported the sodium self-diffusion coefficient to be one order of magnitude higher in the sulfonate layer in both sodium chloride and sodium hydroxide solutions [8, 9] . On the other hand, Yeager et al. and Twardowski et al. have measured a slightly higher sodium diffusion coefficient in the sulfonate compared to the carboxylate membranes in sodium chloride solution [8, 22] . For sake of simplicity, here the selfdiffusivities are assumed to be equal in both layers. The diffusivities are calculated based on the temperature-dependent diffusivity in free water [23] . The calculation of the diffusion coefficients inside the membrane taking into account the effect of tortuosity and porosity, together with the calculation of the total porosity of the membrane has been elaborated in our previous paper [1, 14, 24] . The membrane permselectivity as represented by the sodium transport number is calculated from the ionic fluxes:
1.1.1 Modeling conditions and membrane properties Table 1 presents the general operating conditions and the membrane characteristics in both mono-and bilayer membranes. Table 2 presents the properties of each membrane layer in the bilayer membrane. The equivalent weights and thickness of each layer are estimated based on the available data for Nafion 954 as an example of a sulfonate/carboxylate bilayer membrane [25] .
Solution strategy
The convective velocity defined by the Schlögl equation (Eq. 3) is position dependent inside the membrane, and it is calculated with the continuity equation (Eq. 5). At first, an initial guess is required for the total potential gradient over the membrane, and the resulting convective velocity at the 
Results and discussion
Concentration profiles inside the membrane
The concentration profiles of the ionic species and water are shown in Fig. 3a -h. Each figure is divided into anolyte and catholyte bulk solutions, boundary layers, and Water content (wt% dry polymer) Equation (11) Equation (12) [ 1] membrane layers; regions I and VI present the concentration of the electrolyte solutions in the anode and cathode compartments, respectively. Regions II and V show the concentration profiles in the anolyte and catholyte boundary layers at different current densities. Region III presents the sulfonate layer of the membrane, and region IV presents the carboxylate layer of the membrane. The concentrations of ions and water are assumed constant in the electrolyte bulk solutions. The concentration of the ionic charged species in the boundary layers (regions I and VI) change linearly. The slope slightly increases with increasing current density. This could be explained by the convective flux in the boundary layers. Having a stronger convective flow in the anolyte results in build-up of ion concentration higher than what can be transferred through the membrane. The counter effect occurs at the catholyte side.
As presented in regions III and IV in Fig. 3a, b , the concentration inside the membrane shows an enormous difference between the mono-and bilayer membrane for . At T = 80°C, 24 wt% sodium chloride, 32 wt% sodium hydroxide sodium ions. In the monolayer membrane, the concentration increases monotonically between the anolyte and catholyte boundaries. With an increase in current density, the concentration profile becomes more curved. In the bilayer membrane, there is a linear concentration gradient in regions III and IV when no current is applied. As the current density increases, the concentration gradient in region IV becomes steeper, and the sodium ion concentration in region III decreases. At a very high current density (20 kA m -2 ), a concave plateau is observed in region III which shows that the concentration of sodium ions in this region reaches the limit of the fixed ionic group concentration.
Regions III and IV in Fig. 3c, d present the hydroxide ion concentration inside the mono-and bilayer membranes. In the monolayer membrane, the concentration decreases linearly from the catholyte to the anolyte boundary, and with increasing current density, the concentration profiles become more curved closer to the anolyte boundary. In the bilayer membrane, the concentration gradient is linear in regions III and IV with a steeper change at the interface between the layers. The concentration gradient becomes steeper and more curved in the carboxylate layer with increasing current density, and the concentration profile in region III becomes convex and reaches a plateau value of virtually zero in the membrane with increasing the current density up to 20 kA m -2 . The chloride ion concentration inside the membrane is presented in regions III and IV of Fig. 3e , f. It shows a similar trend of concentration change in both mono-and bilayer membranes. As the current density increases a very sharp decrease is observed in chloride ion concentration. The water concentration profile inside the membrane is shown in regions III and IV of Fig. 3g-h . The water concentration is calculated based on the local concentration of the other ions inside the membrane. A decrease in water concentration is observed in the monolayer membrane which is the opposite of the sodium ion concentration. In region IV of the bilayer membrane, a steep decrease in water concentration is observed with increasing the current density; however, a maximum plateau is observed in region III in which the sodium ion concentration is very low and close to the fixed ionic group concentration.
Membrane voltage drop and permselectivity
The membrane voltage drop and permselectivity are the most important parameters for determination of the membrane performance and current efficiency of the process. They have been calculated up to 20 kA m -2 current density. Figure 4 presents the effect of current density on the membrane voltage drop and the sodium selectivity for the mono-and bilayer membranes. Figure 4a shows that in both the mono-and bilayer membranes, the voltage drop increases when increasing the current density. Additionally, it shows that the membrane voltage drop is higher for the bilayer membrane compared to the monolayer membrane. The sodium transport number is presented in Fig. 4b . In the bilayer membrane, the sodium transport number decreases up to 3 kA m -2 and then increases. There is a general increasing trend of sodium transport number for both mono-and bilayer membranes with increasing the current density, however, it is higher in the bilayer membrane.
Discussion
The calculated concentration profiles in mono-and bilayer membranes show a large difference in the ion transport between the mono-and bilayer membranes. A lower concentration region in the sulfonate layer is caused because with increasing current density a strong electromotive force in the carboxylate layer dominates the electromotive force in the sulfonate layer. Consequently, the carboxylate layer pulls the ions from the sulfonate layer and reduces the concentration in the sulfonate layer. This way, the diffusive transport in the sulfonate layer increases and compensates for the lower electromotive force. The reduction in sodium concentration between the sulfonate and carboxylate membrane was explained by Takahashi et al. [31] . They used a three compartment cell: a first compartment with anolyte separated with a sulfonate membrane from a second compartment, which is separated with a carboxylate membrane from a third compartment that contains the catholyte. The second compartment was used to represent the interface between a sulfonate and a carboxylate layer in a bilayer membrane. It was shown that the steady-state concentration in the second compartment was significantly lower than the concentration in the first compartment. The current efficiency decreased with decreasing concentration in the second compartment. In our modeling work, we observe that with increasing current density, the sodium concentration in the sulfonate layer decreases to the concentration of fixed ionic groups which is in line with the work presented by Takahashi et al. This suggests that at very high current density, the fixed ionic groups and the sodium counter ions balance each other; and as a consequence, the presence of hydroxide and chloride ions decreases in the sulfonate layer. This results in higher sodium selectivity of the bilayer membrane, and unfortunately also an increase in the membrane resistance. In addition, the sharp decrease of the hydroxide ions in the carboxylate layer confirms that the carboxylate layer at the cathode side prevents the back transport of hydroxide ions in the bilayer membrane especially at high current densities. This results in higher sodium selectivity of the bilayer membrane compared to the monolayer membrane. Furthermore, a steep decrease of the chloride ion concentration at high current densities makes the contribution of transport of chloride ions inside the membrane lower compared to the other ions. The increase of sodium selectivity with increasing current density is not in line with the observed decreasing trend in our earlier paper [14] in a system with identical sodium hydroxide solution as both anolyte and catholyte. However, it is in line with the observed increasing trend of selectivity in the chlor-alkali experiment carried out in the spinning disc membrane electrolyzer explained in our paper elsewhere [32] . The low concentration of water in the carboxylate layer helps the prevention of hydroxide back transport. The high concentration of water in the sulfonate layer with increasing current density should decrease the membrane resistance; however, a decrease of the sodium ion concentration in the sulfonate layer below the anolyte concentration has a higher effect on increasing the overall bilayer membrane resistance.
Conclusion
Multicomponent ion transport in mono-and bilayer cationexchange membranes has been compared. The concentration profiles of ions inside the membrane show how the extra layer at the catholyte side with a higher electromotive force draws sodium ions from the sulfonate layer. This increases the membrane efficiency in terms of selectivity by decreasing the back transport of hydroxide ions to the anolyte side especially at a high current density of 20 kA/ m 2 , at which the hydroxide concentration in the sulfonate layer is virtually zero. Also, the membrane voltage drop in the bilayer membrane is higher than the monolayer membrane because of the lower sodium concentration. In conclusion, it is shown that the extra carboxylate layer at the cathode side improves the efficiency of the bilayer membranes compared to the monolayer membranes. The slight increase and decrease in concentration of sodium ions at the anolyte and catholyte boundary layers is unexpected. This means that the model can be further improved using the Nernst-Planck equation in the solution.
